We previously reported that human cytomegalovirus (HCMV) infection induces endoplasmic reticulum (ER) stress, resulting in activation of the unfolded protein response (UPR). Although some normal consequences of UPR activation (e.g., translation attenuation) are detrimental to viral infection, we have previously shown that HCMV infection adapts the UPR to benefit the viral infection (14). For example, UPR-induced translation attenuation is inhibited by viral infection, while potentially beneficial aspects of the UPR are maintained. In the present work, we tested the ability of HCMV to overcome a robust induction of the UPR by the drugs thapsigargin and clotrimazole (CLT), which disrupt ER calcium homeostasis. A 24-h treatment with these drugs beginning at 48, 72, or 96 h postinfection (hpi) completely inhibited further production of infectious virions. HCMV could not overcome the inhibition of global translation by CLT; however, between 48 and 72 hpi, HCMV overcame translational inhibition caused by thapsigargin. Despite the restoration of translation in thapsigargin, the accumulation of immediate-early and early gene products was modestly retarded (50% or less), whereas the accumulation of an early-late and late gene product was significantly retarded. Electron microscopic analysis shows that the drugs severely disrupt the maturation of HCMV virions. This can be accounted for by both the retarded accumulation of late gene products and the drug-induced depletion of ER calcium, which disrupts critical cellular functions needed for maturation.
The unfolded protein response (UPR), which results from the accumulation of misfolded proteins in the endoplasmic reticulum (ER), triggers a complex signal transduction pathway mediated by three ER membrane resident protein sensors: PKR-like ER kinase (PERK), activating transcription factor 6 (ATF6), and inositol-requiring enzyme 1 (IRE-1). The net effect of the UPR is to provide the cell with a means of eliminating unfolded proteins from the ER by (i) inhibiting translation to reduce the load of proteins in the ER; (ii) inducing the expression of genes encoding chaperones and degradation factors to properly fold and degrade, respectively, the misfolded proteins; and (iii) inducing the expression of genes whose products will increase metabolism to help the cell recover. PERK phosphorylates eucaryotic initiation factor 2␣ (eIF2␣), leading to global translation inhibition, and, in a seemingly contradictory fashion, stimulates the translation of specific mRNAs, such as the mRNA encoding ATF4 (8, 9) . Expression of ATF4 leads to transcriptional activation of genes whose products are involved in metabolism. UPR-induced activation of ATF6 occurs at the level of protein cleavage (36) . The N-terminal product of ATF6 functions as a transcription factor which activates transcription from many ER chaperone genes. In addition, ATF6 induces the transcription of the Xbp-1 gene (20, 34, 37) . The Xbp-1 transcript becomes fully processed through splicing mediated by the third UPR sensor, IRE-1. The resulting mRNA encodes XBP-1, a transcription factor which activates expression of genes encoding chaperones and, in particular, protein degradation factors (19, 20) .
Several viruses, including human cytomegalovirus (HCMV), have been shown to induce ER stress and activate UPR signaling (14, 15, 30, 31) . Viruses which induce ER stress and activate the UPR are faced with the consequences of UPR activation, some of which may be beneficial to the viral infection (e.g., expression of chaperones) and some of which may be detrimental (e.g., translation attenuation). Hepatitis C virus has been shown to manipulate the UPR by inhibiting PERK phosphorylation of eIF2␣ and inhibiting the transcriptional activity of XBP-1, thereby maintaining protein translation and stability, respectively (25, 32) . Similarly, we recently demonstrated that infection by HCMV induces the UPR but also modulates its effects (14) . In HCMV-infected cells, phosphorylation of eIF2␣ occurs but is regulated in such a manner that global translation is not inhibited and yet phospho-eIF2␣-dependent translation of ATF4 is maintained. HCMV infection inhibits cleavage of ATF6, yet activates chaperone genes by an alternative mechanism. In addition, HCMV induction of the UPR results in the splicing of Xbp-1 mRNA, yet transcriptional activation of the XBP-1 target genes (e.g., those encoding protein degradation factors) is inhibited, presumably to keep viral proteins in the ER from being degraded. However, it has also been proposed that HCMV activation of the UPR aids the viral infection by facilitating the degradation of class I major histocompatibility complex proteins (33) .
Thapsigargin and clotrimazole (CLT) are two drugs known to induce the UPR through their disruption of calcium homeostasis in the ER. Both drugs lead to attenuation of protein synthesis. Thapsigargin causes calcium release from the ER and activates calcium store-regulated calcium influx, thereby allowing calcium stores to be refilled (28) . CLT also causes calcium release from intracellular stores but inhibits calciumstore regulated influx; thus, calcium stores cannot be refilled (3) . The release of ER calcium by both drugs (i) decreases the level of ER calcium, resulting in decreased activity of calciumdependent chaperones and, consequently, the accumulation of misfolded proteins and activation of the UPR, and (ii) increases the concentration of cytosolic calcium, resulting in stimulation of calcium-dependent enzymes (e.g., protein kinases) that regulate the function of cytosolic proteins. However, disruption of calcium homeostasis is not the only pharmacological means to induce the UPR; tunicamycin induces ER stress by inhibiting N-linked glycosylation of proteins.
Given our previous finding that HCMV infection induces mechanisms which specifically regulate the three branches of UPR signaling (PERK, ATF6, and IRE-1) to favor viral replication (14), we asked whether these virally induced mechanisms could circumvent a deliberate and severe activation of the UPR by thapsigargin, CLT, and tunicamycin. We find that thapsigargin and CLT have a profound inhibitory effect on infectious virion production. However, in the case of thapsigargin this is not the result of UPR-induced inhibition of global translation, since this is largely overcome by 48 to 72 hours postinfection (hpi). Despite the restoration of translation in thapsigargin, the accumulation of immediate-early and early gene products was somewhat retarded (50% or less), whereas the accumulation of early-late and late gene products was significantly retarded. Electron microscopic (EM) analysis showed that the drugs severely disrupt the maturation of HCMV virions. This can be accounted for by both the retarded accumulation of late gene products and the drug-induced depletion of ER calcium, which disrupts critical cellular functions needed for maturation.
MATERIALS AND METHODS

Cells and viruses.
Life-extended human foreskin fibroblasts (HFFs) (4) were propagated and maintained at 37°C in 5% CO 2 in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, Glutamax, and antibiotics. Cells were infected with the Towne strain of HCMV at a multiplicity of infection (MOI) of 2.5.
Drugs. All drugs were dissolved in dimethyl sulfoxide (DMSO), and DMSO was used as a control in all experiments. All drugs were obtained from Sigma (St. Louis, MO), and final drug concentrations were as follows: 2 M thapsigargin, 10 M CLT, and 2 g/ml tunicamycin.
Virus growth curves. HFFs were grown in six-well plates and infected at an MOI of 2.5. Twenty-four hours prior to each harvest time point, drug or DMSO was added to the medium. At designated time points, all but 1 ml of medium was removed from each plate and placed in a 15-ml conical tube. The cells in the well were scraped into the remaining 1 ml of medium, sonicated to dislodge cellassociated viruses, and centrifuged for 10 min in a microcentrifuge at 4°C. The supernatants were combined with previously collected medium, aliquoted, and stored at Ϫ80°C. Viral titration was carried out using a 50% tissue culture infective dose method described previously (11) .
Metabolic labeling. HFF cells were infected at an MOI of 2.5 with HCMV under normal conditions. The cells were treated with DMSO (solvent control) or drugs during three 24-h time periods: 6 to 30 hpi, 24 to 48 hpi, and 48 to 72 hpi. Fifteen minutes prior to the end of the drug treatment, the cells were washed and incubated in Dulbecco's modified Eagle's medium lacking methionine and cysteine (met/cys-free medium; Gibco, Carlsbad, CA), which had been prewarmed to 37°C. The cells were then pulse labeled for 30 min by the addition of prewarmed met/cys-free medium containing [ 35 S]methionine and [ 35 S]cysteine at 125 Ci/ml. The appropriate drugs or DMSO were included in the medium during washes and pulse labeling. At the end of the 30-min labeling, the radioactive medium was removed, cells were washed twice with cold phosphatebuffered saline (PBS), and extracts were prepared using radioimmunoprecipitation assay buffer. Incorporation of 35 S into proteins was determined by standard trichloroacetic acid (TCA) precipitation.
The HCMV major immediate-early protein IE1/IEP72 was immunoprecipitated from the labeled extracts using rabbit polyclonal antibody specific to the first 85 amino acids common to all HCMV major immediate-early proteins (MIEPs) (10); protein A agarose was then added, and immunoprecipitates were collected by centrifugation, washed with PBS, and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (11% polyacrylamide gels). Gels were dried and analyzed with a Molecular Dynamics PhosphorImager.
Western analysis. Cell lysates were prepared in radioimmunoprecipitation assay buffer. Proteins were quantitated using a Bio-Rad protein assay (Bio-Rad, Hercules, CA), and equal amounts of protein were separated by SDS-PAGE (11% polyacrylamide gels). Proteins were transferred to nitrocellulose membranes, which were blocked by incubation for 30 min at room temperature in 5% nonfat milk diluted in PBS containing 0.5% Tween 20 (PBS-T). Specific antibodies were diluted in PBS-T containing 5% bovine serum albumin (BSA).
Immunofluorescence. HFF cells were grown on coverslips and infected with HCMV at an MOI of 0.5. At 24 hpi, cells were treated with thapsigargin for 1 h, prepared for microscopy by being washed three times with standard PBS, and then fixed with 4% formaldehyde in PBS at room temperature for 30 min. Cells were again washed three times with PBS and then permeabilized by incubation in 0.1% Triton X-100 in PBS-0.5% Tween with 10% BSA for 30 min at room temperature. Immunostaining was performed by adding mouse anti-eIF4G antibody (sc-11373; Santa Cruz Biotechnologies, Santa Cruz, CA) diluted 1:300 in 10% BSA in PBS-0.5% Tween for 90 min. Cells were washed three times with PBS and then incubated with a rhodamine-conjugated anti-mouse secondary antibody (Santa Cruz Biotechnologies, Santa Cruz, CA) diluted 1:50 in PBS-0.5% Tween with 10% BSA for 30 min. Cells were again washed three times with PBS. Finally, cell nuclei were stained with 4Ј-6-diamidino-2-phenylindole (DAPI) by removing PBS, washing them one time with water, and adding a 1:4,000 dilution of DAPI in water for 2 min. Coverslips were washed in water prior to mounting on slides.
Electron microscopy. HFF cells were mock infected or infected with HCMV at an MOI of 2.5. At 72 hpi, cells were treated with DMSO, thapsigargin, or CLT; cells were harvested at 96 hpi. For harvest, medium was removed and cells were washed one time with PBS and fixed with prewarmed 2.5% glutaraldehyde, 2 mM CaCl 2 , and 0.1 M sodium cacodylate (pH 7.4) for 2 h. The cells were then rinsed in 0.1 M sodium cacodylate (pH 7.4), collected from the culture plate in 1 ml of 0.1 M sodium cacodylate (pH 7.4), and centrifuged into a compact pellet. Cells were then treated with 1% osmium tetroxide, dehydrated with ascending concentrations of ethanol, embedded in LX-112 medium, and polymerized at 68°C for 72 h. Ultrathin sections (ϳ80 nm) were cut with a diamond knife, mounted on 200-mesh thin-bar copper grids, stained with uranyl acetate and lead citrate, and examined with a Phillips CM-100 electron microscope operated at 60 kV accelerating voltage.
RESULTS
Thapsigargin and CLT inhibit the production of infectious HCMV late in infection, but tunicamycin does not. Viral growth curves were generated to determine the effect of UPRinducing drugs on the production of HCMV in order to determine whether the virally induced mechanisms known to regulate UPR signaling (14) could circumvent a deliberate and severe activation of the UPR by thapsigargin, CLT, and tunicamycin. HFF cells were infected with HCMV at an MOI of 2.5 and harvested at various time points up to 144 h. Twentyfour h prior to each harvest time point, drugs or DMSO (solvent control) was added to the cultures. In this manner we could determine whether the drugs altered virus production at different time points during infection and whether sensitivity to the drugs changed during the course of infection. Cells treated with these drugs prior to HCMV infection, or at the time of infection, produced no virions, apparently because the viral infection never becomes established to counteract the effects of the drug-induced UPR; in the case of thapsigargin, cells die before infectious virions are produced. Fig. 1 shows the viral growth curve produced from control cells treated with the solvent control DMSO and the 24-h periods during which drugs were added, i.e., from the time drug was added to the time at which virus was harvested. No matter when thapsigargin or CLT was added, both drugs inhibited any increase in viral titer over each 24-h treatment period; that is, at the end of each 24-h treatment with thapsigargin or CLT, the viral titer was equal to or slightly less than the titer at the point of drug addition. These results suggest that preexisting virions were not destabilized by the drugs, but few, if any, new infectious virions were produced after the addition of thapsigargin or CLT. The use of tunicamycin during the 48-to 72-hpi period inhibited the production of infectious virions, an effect similar to those of thapsigargin and CLT. However, tunicamycin treatment beginning at 72 hpi and later had little to no effect on virion production, suggesting that by 72 hpi, enough viral structural proteins and genomic DNA had been synthesized to allow continued virion production despite the induction of the UPR by tunicamycin.
Translation attenuation by thapsigargin can be partially overcome during HCMV infection. The above data suggest that drugs which disrupt ER calcium homeostasis dramatically inhibit virion production at all times during infection. Translation attenuation is a well-established consequence of UPR induction by thapsigargin and CLT (1, 27) . To determine whether the inhibition of virus production by thapsigargin and CLT was due to inhibition of translation, cells were mock infected or infected with HCMV for various times (6, 24 , and 48 h) and then treated with DMSO, thapsigargin, or CLT for an additional 24 h, at which time the cells were pulse labeled (30 min) with [ 35 S]methionine/[ 35 S]cysteine to measure protein synthesis rates. Thus, as shown in Fig. 2A , mock-infected cells were treated with drug for 24 h, pulsed, and harvested, and HCMV-infected cells were treated with drugs for the 24-h periods from 6 to 30 hpi, 24 to 48 hpi, and 48 to 72 hpi and then pulsed and harvested. Total protein synthesis was quantitated using TCA precipitation ( Fig. 2A) . The 24-h treatment of mock-infected cells with thapsigargin and CLT caused a 35 to 45% decrease in total protein synthesis. In HCMV-infected cells, the 24-h treatment with CLT caused a 45% or greater decrease in total translation during each time period tested. However, the translational inhibition caused by thapsigargin decreased as the infection proceeded, and there was no effect of the drug on total translation, as indicated by the pulse labeling at the end of the 24-h treatment between 48 and 72 hpi.
As shown in Fig. 2B , specific viral protein synthesis was examined using the same infected cell samples. Total cell lysates were immunoprecipitated using an antibody which recognizes the HCMV major immediate-early protein IE1/IEP72. Immunoprecipitates were separated by SDS-PAGE, and the IE1/IEP72 band intensities were quantitated using a Molecular Dynamics PhosphorImager. The data (Fig. 2B ) agree with the total protein synthesis data. CLT inhibited pulse labeling of IE1/IEP72 by 40 to 60% at the end of each of the 24-h treatment periods. While thapsigargin treatment significantly reduced pulse labeling of IE1/IEP72 synthesis during the 6-to 30-and 24-to 48-hpi periods, normal levels of pulse labeling were observed at the end of the 48-to 72-hpi period.
We previously described the ability of HCMV infection to reverse the inhibition of translation induced by ER stress and the UPR during a normal infection (14) . The data in Fig. 2 suggest that between 48 and 72 hpi, these virally induced mechanisms can also reverse the inhibition of translation caused by the robust induction of the UPR by thapsigargin but not by CLT. HCMV infection suppresses stress granule formation by thapsigargin. Intracellular structures known as stress granules form in response to the phosphorylation of eIF2␣ (16, 17) . These granules are believed to be sites where stalled translation initiation complexes accumulate or sites where mRNA is either stabilized or destabilized (16, 17) under conditions of cellular stress. Stress granules contain a number of translation initiation proteins, including the components of the eIF4F cap-binding complex. Treatment with thapsigargin has been shown to induce the formation of intracellular stress granules due to its initiation of the UPR and phosphorylation of eIF2␣ (16, 17) . We have previously shown that, although HCMV infection induces many features of the UPR, the phosphorylation of eIF2␣ is modulated and translation is maintained (14) . Since the above data suggest that HCMV infection induces mechanisms that allow translation to be maintained when ER stress is induced by thapsigargin, we asked whether stress granule formation was suppressed by HCMV infection in thapsigargin-treated cells.
As shown in Fig. 3 , immunofluorescence microscopy was used to determine the intracellular status of the translation factor eIF4G (the scaffolding protein of the eIF4F cap-binding complex), which enters stress granules upon treatment with thapsigargin (17) . Cells were fixed and treated with anti-eIF4G and a secondary antibody conjugated to rhodamine (shown in red). The HCMV used for infection expressed green fluorescent protein, which indicated the infected cells (green), and nuclei were labeled with DAPI (blue).
In untreated, uninfected cells (Fig. 3A) , the eIF4G was diffuse in the cytoplasm. However, after 1 h of thapsigargin treatment (Fig. 3B) , stress granules were readily detected in the cytoplasm. In cells infected with HCMV for 24 h (Fig. 3C) , the diffuse cytoplasmic staining of eIF4G was maintained. Figure  3D shows cells infected for 24 h and then treated with thapsigargin for 1 h; a low MOI was used so that not all the cells would be infected. Two fields are shown, each containing uninfected and infected (green) cells. While stress granules were present in the uninfected cells, their formation was significantly suppressed in the infected cells. The data show that after only 24 h of HCMV infection, mechanisms which reverse the inhibitory effects of thapsigargin have been induced, as indicated by the suppression of stress granule formation. This agrees with the above data showing that HCMV infection can overcome the translational inhibition mediated by thapsigargin.
Thapsigargin differentially affects the accumulation of HCMV immediate-early, early, early-late, and late gene expression. The data in Fig. 2 and 3 suggest that inhibition of translation induced by thapsigargin can be overcome during HCMV infection. Comparison of the effects of the 48-to 72-hpi thapsigargin treatment on virion production ( Fig. 1) and translation ( Fig. 2) suggest that the inhibition of virion production during this period may not be due to inhibition of translation. However, it is possible that the accumulation of particular viral proteins is specifically inhibited by thapsigargin.
To test this possibility, we infected cells for 48, 72, and 96 h in the absence of thapsigargin (Fig. 4A) and treated a parallel set of infected cultures with thapsigargin for the 24-h periods between 48 and 72 hpi and between 72 and 96 hpi (Fig. 4A) . The infected cells were extracted, and the steady-state levels of the major immediate-early proteins (IE1 and IE2), the pp52 early protein (ppUL44 or ICP36), the pp65 early-late protein (ppUL83), and the pp28 late protein (UL99) were determined by Western analysis. In addition, to assure that thapsigargin had induced the UPR, we measured the levels of the chaper- one Bip (GRP78), which is induced when the UPR is activated by thapsigargin (18, 21) . In the absence of thapsigargin, viral proteins increased during the 24-h periods between 48 and 72 hpi and between 72 and 96 hpi. These increased levels were compared to the levels detected when thapsigargin was present during these 24-h periods. The data in Fig. 4A show that between 48 and 72 hpi, the levels of MIEPs and pp52 increased in the presence of thapsigargin, but the levels attained were about 50% of those seen by 72 hpi in a normal infection. Making the same comparisons during the period from 72 to 96 hpi, we again noted 50% or less inhibition of the accumulation of the MIEPs. The level of pp52 in the normal infection did not increase substantially between 72 and 96 h, and a similar level of pp52 was detected in the 72-to 96-hpi thapsigargin-treated sample. Examination of the synthesis of the early-late protein, pp65 (Fig. 4A) , and that of the late protein, pp28 (Fig. 4B) , showed additional significant effects of thapsigargin treatment. In the presence of thapsigargin, pp65 accumulation was significantly retarded during both the 48-to-72-and the 72-to-96-hpi periods. Under the normal conditions, pp28 was not yet detectable at 72 hpi but appeared by 96 hpi and had accumulated more by 120 hpi (Fig. 4B) . Thapsigargin treatment during the 72-to-96-and 96-to-120-hpi periods halted further accumulation of pp28.
Although the pulse labeling data (Fig. 2) suggest that general translational inhibition induced by thapsigargin can be overcome during infection, the data in Fig. 4 suggest that thapsigargin treatment moderately retards accumulation of immediate-early and early gene products and significantly retards post-early accumulation of viral gene products (early-late and late).
Thapsigargin and CLT lead to alterations in virion maturation. To determine whether addition of thapsigargin or CLT to HCMV-infected cells affected the formation of intracellular virions, we performed electron microscopy. At 72 hpi, mock-or HCMV-infected cells were treated with DMSO (control), thapsigargin, or CLT, and cells were prepared for EM analysis at 96 hpi. Thapsigargin and CLT treatment showed slight changes in the cellular morphology in mock-infected cells (Fig.  5A to C) . In HCMV-infected cells (Fig. 5D to F) , far fewer extracellular virions were observed in thapsigargin-and CLTtreated cells than in the DMSO-treated control cells. This suggests that treatment with thapsigargin and CLT leads to a decrease in the number of virions released from the infected cell. In agreement with this suggestion, intracellular virions (shown at higher magnification in Fig. 6 ) appeared abnormal and clustered within the cytoplasm of thapsigargin-and CLTtreated cells. In the control (DMSO)-infected cells (Fig. 6A and at a higher magnification in Fig. 6D ), small dark dense bodies, or tegument bodies, can be seen with individual virions dispersed around them. However, in both the thapsigargintreated ( Fig. 6B and E) and CLT-treated ( Fig. 6C and F ) cells, the tegument bodies are significantly enlarged, and virions appear to be clustered and clumped with each other around the tegument bodies. In Fig. 7 , areas indicated in Fig. 6 D, E, and F are enlarged to examine virion formation. In the thapsigargin-and CLT-treated cells, the electron-dense nucleocapsids appear malformed and improperly or incompletely tegumented and are not undergoing envelopment. In sum, the data suggest that the drugs disrupt virion maturation. The definitive cause of this disruption cannot be gleaned from EM data; however, interference with tegumentation and envelopment is suggested. This interference with maturation and release agrees with the virus growth data, which indicate that infectious virus production is inhibited by these drugs (Fig. 1 ).
DISCUSSION
We have previously shown that during HCMV infection, ER stress and the unfolded protein response are induced; however, HCMV specifically regulates the three branches of UPR signaling (PERK, ATF6, and IRE-1) to promote viral replication (14) . For example, HCMV induces activation of the eIF2␣ kinase, PERK; however, the amount of phosphorylated eIF2␣ in the infected cells is limited, and total eIF2␣ levels are increased. Consequently, translational attenuation is minimized, an outcome which benefits viral replication (14) . Given the existence of viral mechanisms that modulate the UPR during normal infection, we asked whether these mechanisms could circumvent a deliberate and severe activation of the UPR by the UPR-inducing drugs thapsigargin, CLT, and tunicamycin. Using pulse labeling to measure protein synthesis rates, we found that translational inhibition, a major effect of UPR induction by thapsigargin, can be largely overcome during the period between 48 and 72 hpi. That HCMV infection can overcome thapsigargin-induced translational inhibition is supported by the observation that thapsigargin-induced stress granule formation was inhibited in infected cells as early as 24 hpi. In contrast, CLT inhibited translation of total cellular proteins and viral proteins by 45% or more at every time point tested. Although each of these drugs depletes ER calcium, thapsigargin activates calcium store-regulated calcium influx, thereby allowing calcium stores to be refilled (28) , whereas CLT inhibits calcium-store regulated influx, thus preventing calcium stores from being refilled (3). This significant difference may be critical for the functioning of the virally induced mechanisms which maintain translation when the UPR is induced.
Regardless of the ability of the viral infection to overcome translation inhibition induced by thapsigargin, virus production was quickly and efficiently inhibited by the addition of either thapsigargin or CLT to infected cultures at any point in the infection time course (Fig. 1 ). This contrasts with the result seen with tunicamycin, which induces ER stress by inhibiting N-linked glycosylation. Although tunicamycin inhibited virion production when added at 48 hpi, it did not do so when added at 72 hpi or later (Fig. 1) . The tunicamycin inhibition at earlier times most likely results both from translational inhibition and from the inability to properly glycosylate critical viral glycoproteins. However, the data suggest that by 72 hpi, adequate levels of properly processed viral structural proteins and genomes are present; thus, virion formation can proceed even when the UPR was induced by the addition of tunicamycin at 72 hpi.
If the levels of structural proteins and genomes are sufficient to support virion formation by 72 hpi, then why does the addition of thapsigargin or CLT at 72 hpi completely block further virion formation? Our data suggest that several mechanisms may be functioning. The retardation of the accumulation of viral late proteins ( Fig. 4A and B) in the presence of thapsigargin may have an effect. At this point, we feel that the retarded accumulation is not the result of inhibited synthesis of late proteins but is more likely due to decreased stability resulting from the induction of the UPR. It is well established that degradation enzymes are induced during the UPR to rid the cell of excess and misfolded proteins (19) . During normal HCMV infection, the pathway leading to induction of degradation enzymes is blocked (14) ; however, this may not be the case during the robust induction of the UPR caused by thapsigargin and CLT.
The decreased accumulation of pp28 (Fig. 4B) could have a ) and between 72 and 96 hpi (72-96 Th.). Total protein was extracted from the infected cells, and the steady-state levels of the MIEPs, the pp52 early protein, and the pp65 early-late protein were determined by Western analysis. To assure that thapsigargin had induced the UPR, we measured the levels of the chaperone Bip, which is induced when the UPR is activated by thapsigargin (18, 21) . (B) Using an identical approach but extending the infection time to 120 h, the accumulation level of the pp28 late protein was determined. on November 11, 2017 by guest http://jvi.asm.org/ significant effect on virion formation, since pp28 has been reported to have a role in cytoplasmic envelopment of tegument-associated capsids (29) . In this regard, our electron microscopic analysis confirmed that thapsigargin and CLT inhibit the formation of infectious virions. Drug-treated cells showed significantly decreased levels of extracellular virions compared with control (DMSO)-treated cells. In addition, tegument bodies were significantly enlarged in the drug treated cells, with nascent virions clustered and clumped around the tegument bodies. Further, many nucleocapsids appeared malformed and improperly tegumented and were not undergoing envelopment. We think it is unlikely that the decreased accumulation of pp28 (or other late proteins) is the sole cause of all of these problems in maturation. Additional effects of thapsigargin and CLT may come directly from ER calcium depletion (or the concomitant increase in cytosolic calcium). A role for calcium in various aspects of virus maturation has been established, and mechanisms by which calcium may influence specific viral processes are beginning to emerge. Thapsigargin has been shown to inhibit the maturation of both African swine fever virus (7) and rotavirus (24) . An intact ER calcium store is necessary for African swine fever virus capsid assembly as well as for enwrapment of the capsid by the ER membrane (7). In the case of rotavirus, calcium depletion in the ER alters the oligomerization of virus-encoded proteins (26) . In contrast, thapsigargin was shown to enhance virion core assembly of hepatitis B virus, suggesting that cytosolic calcium ions promote assembly (5) . Similarly, calcium ions mediate capsid protein interactions and virion assembly for polyomavirus (6, 13) and are contained within SV40 virions (22) .
A role for calcium-dependent chaperones in HCMV assembly also should be considered. It has been established that ER calcium can regulate the formation of chaperone complexes in the ER. As a result, the folding and maturation of many proteins can be affected by the depletion of ER calcium (2) . In this regard, it has been suggested that the calcium-dependent ER chaperone protein calnexin is involved in the proper folding of the essential HCMV glycoprotein gB (35) . Thus, decreased ER calcium concentration may affect the proper folding and/or processing of essential HCMV tegument proteins and glycoproteins as well as that of cellular proteins involved in virus maturation.
It should also be considered that the ER is a dynamic structure continually exchanging lipid and protein components with the Golgi. ER-Golgi transport is also a calcium-dependent process (2); thus, changes in calcium homeostasis may disrupt the formation of ER-Golgi-derived vesicles which provide the membranous shell of dense bodies necessary for tegumentation and virion maturation during late stage envelopment (12) . This may contribute to the abnormal tegument bodies we have noted in drug-treated cells. In addition, it must be remembered that thapsigargin-and CLT-induced depletion of ER calcium is accompanied by a concomitant increase in cytosolic calcium. Increased cytosolic calcium influences the activity of many regulatory proteins, such as kinases, which may play a role in regulating the function of proteins involved in HCMV virion maturation, specifically tegument proteins (23) . Given the complexity of virion maturation, many details of which remain unclear, the disruption of calcium homeostasis during this process may have far-reaching effects.
